Aim: Phosphodiesterase 4 (PDE4) isozymes are involved in different functions, depending on their patterns of distribution in the brain. The PDE4 subtypes are distributed in different inflammatory cells, and appear to be important regulators of inflammatory processes. In this study we examined the effects of ferulic acid (FA), a plant component with strong anti-oxidant and anti-inflammatory activities, on lipopolysaccharide (LPS)-induced up-regulation of phosphodiesterase 4B (PDE4B) in PC12 cells, which in turn regulated cellular cAMP levels and the cAMP/cAMP response element binding protein (CREB) pathway in the cells. Methods: PC12 cells were treated with LPS (1 μg/mL) for 8 h, and the changes of F-actin were detected using laser scanning confocal microscopy. The levels of pro-inflammatory cytokines were measured suing ELISA kits, and PDE4B-specific enzymatic activity was assessed with a PDE4B assay kit. The mRNA levels of PDE4B were analyzed with Q-PCR, and the protein levels of CREB and phosphorylated CREB (pCREB) were determined using immunoblotting. Furthermore, molecular docking was used to identify the interaction between PDE4B2 and FA. Results: Treatment of PC12 cells with LPS induced thick bundles of actin filaments appearing in the F-actin cytoskeleton, which were ameliorated by pretreatment with FA (10-40 μmol/L) or with a PDE4B inhibitor rolipram (30 μmol/L). Pretreatment with FA dose-dependently inhibited the LPS-induced production of TNF-α and IL-1β in PC12 cells. Furthermore, pretreatment with FA dosedependently attenuated the LPS-induced up-regulation of PDE4 activity in PC12 cells. Moreover, pretreatment with FA decreased LPS-induced up-regulation of the PDE4B mRNA, and reversed LPS-induced down-regulation of CREB and pCREB in PC12 cells. The molecular docking results revealed electrostatic and hydrophobic interactions between FA and PDE4B2. Conclusion: The beneficial effects of FA in PC12 cells might be conferred through inhibition of LPS-induced up-regulation of PDE4B and stimulation of cAMP/CREB signaling pathway. Therefore, FA may be a potential therapeutic intervention for the treatment of neuroinflammatory diseases such as AD.
Introduction
Neuro-inflammation is associated with a variety of neurodegenerative diseases such as Alzheimer's, Parkinson's and Huntington's diseases [1] . Lipopolysaccharide (LPS) is a potent stimulator of microglia that results in production of proinflammatory cytokines in the brain, and it has been widely used to induce inflammation in the brain and thereby contribute to neurodegeneration [2, 3] . PC12 cells are a well-known model for studying neuronal signaling pathways and other neuro-biochemical events because they display phenotypic characteristics of adrenal chromaffin cells and sympathetic neurons [4, 5] . LPS is a typical inducer for PDE4B production and inflammatory factors, and LPS-induced brain inflammation results in the impairment of memory function and learning ability [6] [7] [8] [9] . Studies by Reyes-Irisarri et al have demonstrated that LPS administration increases PDE4B2 mRNA expression in the choroid plexus [10] . PDE4 inhibitors suppress the LPS-induced TNF-α production in inflammation models including liver injury, lung injury, renal failure and sclerosis [11, 12] . The PDE4 subtype PDE4B is highly expressed in inflammatory, immune, and airway smooth muscle cells and is believed to play an important role in inflammation [11, 13] . Substantial evidence has shown that PDE4B is highly expressed in the
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Ferulic acid prevents LPS-induced up-regulation of PDE4B and stimulates the cAMP/CREB signaling pathway in PC12 cells amygdala, striatum and hypothalamus, thus suggesting its potential for use in the treatment of anxiety and AD [10, [14] [15] [16] [17] . PDE4B is associated with long-term potentiation (LTP) in hippocampal neurons, thereby linking neuro-protection, antiinflammation and PDE4B activity [18] [19] [20] . Likewise, drugs that lower PDE4B expression and stimulate the cyclic AMP (cAMP)/cAMP response element binding protein (CREB) pathway may enhance anti-inflammatory activity. A number of antioxidants including ferulic acid (FA) and related ester derivatives decrease the levels of some inflammatory mediators, such as TNF-α and IL-1β, as well as limit their associated functions [21] [22] [23] . FA is a plant component that is a free radical scavenger, and it exhibits strong anti-oxidant and anti-inflammatory capacity [24] . FA can easily cross the blood-brain barrier, and it exhibits many biological activities, thus potentially making it a useful agent for preventing neuro-inflammatory diseases [25] . Food supplementation with curcumin and ferulic acid is considered to be a nutritional approach to reduce oxidative damage and amyloid pathology in Alzheimer's, Parkinson's and Huntington's diseases [26] . The mRNA gene expression profiles indicate that FA mediates neuroprotection by down-regulating ROS and inflammatory and apoptotic markers. Ferulic acid effectively protects against further secondary impairments associated with traumatic brain injury [27] . Although FA has diverse biological functions, such as anti-inflammation, anti-cancer, anti-diabetes, and anti-atherosclerosis and neuroprotection against oxidative stress-related apoptosis [28] [29] [30] [31] [32] , its biological activities in the central nervous system (CNS) remain largely unknown. In the present study, we examined the effects of FA on the LPS-induced up-regulation of the expression and activity of PDE4B, which regulates cellular cyclic adenosine monophosphate (cAMP) levels and the cAMP/cAMP response element binding protein (CREB) pathway. Our previous studies have shown that FA increases cAMP levels and inhibits the LPS-induced increase in fluorescent intensity of Ca 2+ in PC12 cells [33] . The stimulation of cAMP [26] and inhibition of Ca 2+ by FA is associated with decreased activity and expression of PDE4B. The recently reported cellular activities of FA may involve modulation of transcriptional factors such as CREB, which controls the expression of various genes implicated in inflammation, cell differentiation and proliferation [34] . It is of interest to examine how FA affects the production of PDE4B in response to LPS stimulation and thus exerts its neuroprotective effects. Our previous studies have also shown that FA inhibits the production of IL-1β and IL-TNF-α and blocks Ca 2+ channels in PC12 cells [33] . In the present work, LPS-induced PC12 cells were used to investigate the possible mechanism of neuroprotection by FA. We postulated that this anti-inflammatory activity of FA is likely to involve inhibition of LPS-induced PDE4B upregulation and stimulation of the cAMP/CREB pathway.
Materials and methods
Cell culture PC12 cells (Cell Resource Center, IBMS, CAMS/PUMC) were routinely cultured in RPMI-1640 medium (Gibco, Beijing, China) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Auckland, New Zealand), 5% heat-inactivated horse serum (Gibco, Auckland, New Zealand), 100 U/mL penicillin, and 100 μg/mL streptomycin (HyClone, South Logan, UT, USA) at 37 °C in a humidified atmosphere of 95% air and 5% CO 2 . PC12 cells (1×10 5 cells/mL) in low-serum RPMI-1640 medium (2% fetal bovine serum). Cells were seeded in 6-well plates or 96-well plates. The cells were allowed to grow for 24 h before processing for further experiments.
Drug treatment FA (99.6% purity) was purchased from the Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). FA and rolipram were dissolved in dimethyl sulfoxide (DMSO) at 10 -2 mol/L and then diluted in culture medium. The final concentration of DMSO used in the FA and rolipram treatment conditions was less than 0.1% LPS (Sigma, USA) was dissolved in sterile, pyrogen-free water and diluted with sterilized phosphate-buffered saline.
Treatment conditions
For PDE4B activity assays and RNA extraction, PC12 cells were pretreated with various concentrations of FA (0, 2.5, 5.0, 10, 20, or 40 μmol/L) or rolipram (30 μmol/L) for 12 h after stimulation with LPS (1 μg/mL) for 3 h. For Western blot and F-actin confocal analysis, cells were pretreated with various concentrations of FA or rolipram for 12 h and then incubated with LPS (1 μg/mL) for an additional 8 h [35] .
Immunofluorescence assay Expression of F-actin was measured in PC12 cells which were pretreated with various concentrations of FA (10, 20, 
Cytokine assays
To further explore whether the neuroprotective effect of FA partly results from its anti-inflammatory effect, the cul-ture medium from the PC12 cells was collected for proinflammatory cytokine assays. PC12 cells were pretreated with FA (2.5, 5, 10, 20, or 40 μmol/L) for 12 h, and this was followed by LPS (1 µg/mL) stimulation for 8 h. The control groups were a vehicle group (0.1% DMSO) and a group treated with FA (40 μmol/L) without LPS stimulation. The TNF-α and IL-1β levels in the cultured supernatant were quantified using an ELISA kit (Multiscience, China), per the manufacturer's instructions. The absorbance at 450 nm was determined using a VICTOR™ X5 Multilabel Plate Reader. , and the total protein concentration was estimated using a BCA Protein Assay Kit (CW Biotech, Beijing, China). PDE4-specific enzymatic activity was determined using a PDE4 assay kit (PDE-Glo™, Promega Corporation). Each assay used 25 μg protein, which was diluted in 1× PDE-Glo™ Reaction Buffer; each assay was carried out in triplicate, per the manufacturer's instructions with some modifications, and luminescence was measured with a plate-reading luminometer.
Phosphodiesterase activity assay

RNA extraction and real-time RT-PCR
Total RNA was extracted from PC12 cells using TRIzol reagent (Sigma) for real-time PCR (Q-PCR), and the first-strand cDNA was reverse-transcribed into cDNA by using TransScrip FirstStrand cDNA Synthesis SuperMix (TranGen Biotech, Beijing, China). The reverse transcription was performed using 10 ng of total RNA. The reverse transcription conditions were 30 min at 42 °C and 5 min at 85 °C. Gene transcripts were quantified by semi-quantitative real-time RT-PCR, which was performed in triplicate with an Applied Biosystems StepOnePlus Real-Time PCR System, with TransStart Green Q-PCR SuperMix (TranGen Biotech, Beijing, China) in 20 mL reaction volumes. Rat sequence-specific primers were synthesized by Invitrogen (Shanghai, China) as follows: PDE4B-pan-specific forward, 5'-GACCGGATACAG-GTTCTTCGA-3', reverse, 5'-GAGTTCCCGGTTCAG-CATCC-3'; β-actin forward, 5'-GTCGTACCACTGGCATT-GTG-3', reverse, 5'-GCTGTGGTGGTGAAGCTGTA-3'. The fold changes in expression were determined with the comparative cycle threshold (CT) method (2 -∆∆CT ), with normalization to β-actin as an endogenous reference gene in all the experiments. The results are presented as fold change over control.
Western blot analysis
Immunoblotting was used to quantify the protein levels of PDE4B, CREB and pCREB in LPS-activated PC12 cells. CREB and p-CREB are expressed in the nucleus, whereas PDE4B is a cytoplasmic protein. A Nuclear and Cytoplasmic Protein Extraction Kit (CW Biotech, Beijing, China) was used according to the manufacturer's instructions, and a protease inhibitor cocktail and phosphatase inhibitors were added. The supernatant (cytoplasmic extract) and the fraction containing nuclear proteins were stored in small aliquots at -80 °C until further use. The protein concentrations in extracts were measured using a BCA Protein Assay Kit (CW Biotech, Beijing, China), per the manufacturer's protocol.
Next, immunoblotting was performed according to the antibody manufacturers' instructions, using anti-CREB (48H2) rabbit mAb, anti-phospho-CREB (Ser133) (87G3) rabbit mAb (Cell Signaling Technology, Inc, Danvers, MA, USA), anti-PDE4B (Santa Cruz Biotechnology, Dallas, TX, USA), anti-β-actin (Cell Signaling Technology, Inc, Danvers, MA, USA) and anti-Histone H3 Rat Monoclonal Antibody (Bioeasy, Beijing, China). The bound primary antibodies were detected using horseradish peroxidase-conjugated anti-rabbit secondary antibody. Immunoreactive bands were visualized using Chemiluminescent HRP Substrate detection reagents (Millipore Corporation, Billerica, USA) and visualized with a ChemiScope3600 Mini chemiluminescence imaging system (Clinx Science Instruments, Shanghai, China). Histone H3 served as a loading control. Quantification was performed using ImageJ analysis software.
Docking
A crystal structure of PDE4B2 (PDB ID: 1R06) was downloaded from the protein data bank (PDB, http://www.rcsb. org/pdb/explore/explore.do?structureId=1RO6), which was used for molecular modeling studies [36] . The file of FA was obtained from the PubChem Compound Database (http:// pubchem.ncbi.nlm.nih.gov/compound/445858#section=Top).
All the formats were saved in PDBQT format with AutoDock Tools (ADT). Molecular docking was performed with AutoDock 4.0 software (Scripps Research Institute, La Jolla, CA, USA) to generate an ensemble of docking conformations between FA and PDE4B2.
Statistical analysis
All data are expressed as the mean±SD, and at least three replicates were analyzed. Significant differences between experimental groups were determined using one-way ANOVA followed by Dunnett's test using GraphPad Prism 5 (GraphPad Software Inc, La Jolla, CA, USA). P values less than 0.05 were considered to be significant.
Results
Effect of FA on F-actin levels in LPS-stimulated PC12 cells
We examined the fluorescence intensity of F-actin. In PC12 cells treated with LPS (1 μg/mL) for 8 h, F-actin reorganized, and we observed a loss of fine F-actin stress fibers from the actin cytoskeleton ( Figure 1D ). Pretreatment with rolipram (30 μmol/L) and different concentrations of FA (10, 20, 40 μmol/L) for 12 h prevented the LPS-induced loss of fine F-actin stress fibers and appearance of thick bundles of actin filaments in PC12 cells, indicative of a healthy and well-developed actin cytoskeleton (Figure 1E-1H) . F-actin in the vehicle group (0.1% DMSO) and the FA (40 μmol/L) group without LPS stimulation showed no obvious differences compared with the control group ( Figure 1A, 1B, 1C) .
Pretreatment with FA inhibits the generation of TNF-α and IL-1β As shown in Figure 2A and 2B, LPS markedly increased the release of the pro-inflammatory cytokines TNF-α and IL-1β into the culture medium of PC12 cells compared with the control group. FA, compared with the LPS-treated group, significantly attenuated the release of TNF-α and IL-1β into the medium, and treatment with FA (40 µmol/L) alone or 0.1% DMSO without LPS stimulation did not significantly affect the release of these inflammatory mediators, as compared with the control group.
Pretreatment with FA down-regulated cAMP-dependent PDE activity in LPS-stimulated PC12 cells LPS treatment of PC12 cells up-regulated the cAMPdependent PDE activity, which is critical for the PDE/cAMP/ CREB signaling pathway. Therefore, we examined whether FA decreases the PDE4 activity induced by LPS. We measured the total cAMP-dependent PDE activity in lysates from PC12 cells that had been pretreated with various concentrations of FA for 12 h and then stimulated with LPS (1 μg/mL) for 3 h. As expected, LPS exposure led to the induction of PDE4 activity, resulting in a rapid (within 3 h), significant increase in cAMP-PDE activity as compared with that in the controls. FA pretreatment markedly attenuated the LPS-induced upregulation of cAMP-PDE activity in PC12 cells ( Figure 3A) . Hence, we examined whether FA inhibits the cAMP-PDE activity directly. PC12 cells were treated with various concentrations of FA alone for 12 h, but no significant changes in cAMP-PDE activity were observed ( Figure 3B ).
Pretreatment with FA inhibits the LPS-induced mRNA expression of PDE4B in PC12 cells Changes in PDE4B mRNA levels were investigated using generic primers. The expression of PDE4B mRNA was measured at different time points from 30 min to 16 h after LPS treatment in PC12 cells. Expression of PDE4B mRNA was increased by LPS stimulation, but no significant increases in PDE4B mRNA were observed within 30 min of LPS stimulation at a dose of 1 μg/mL of LPS. The largest increase in PDE4B mRNA was observed at approximately 3 h after LPS treatment ( Figure 4B and 4C) . To determine whether the LPSinduced increase in PDE4B mRNA levels would be altered by FA, PC12 cells were pretreated with FA for 12 h and then stimulated with LPS for 3 h. PDE4B mRNA levels were altered by various concentrations of FA in the pretreatment ( Figure 4D ), but treatment with various concentrations of FA alone did not change the PDE4B mRNA expression ( Figure 4A ).
Effects of FA on the protein expression of PDE4B and CREB and the phosphorylation of CREB in LPS-stimulated PC12 cells
Western blot analysis showed that after LPS stimulation for 8 h in PC12 cells, PDE4B exhibited a significant increase in Figure 5A ). Pretreatment of PC12 cells with FA for 12 h decreased the LPSinduced PDE4B expression. CREB is a major downstream signaling molecule in the PDE4B/cAMP/CREB signaling pathway. To evaluate the activation of FA on the PDE4B/cAMP/ CREB signaling cascade in PC12 cells, the levels of CREB and pCREB were detected by Western blotting, which showed that FA reversed the LPS-induced attenuation of CREB and pCREB expression. As shown in Figure 5B and 5C, 8 h of LPS exposure induced significant decreases in CREB and pCREB levels compared with those in the control group, but FA pretreatment increased the expression of CREB and pCREB compared with that in the LPS group.
Molecular docking
The molecular docking results are shown in Figure 6 . This assay showed that FA interacts strongly with amino acid residues including Tyr233, His234, Met347, Asn395, Phe414, Gln443, and Phe446 at the FA-binding site of PDE4B2 and that FA can enter the binding cavity of PDE4B2 and form π-π interactions with the amino acid residues Phe446 and Phe414. Hydrogen bonding may be found between FA and amino acid residues Gln443 and His234 ( Figure 6C ). The area that interacts with FA is located in the hydrophobic cavity area, thus 
Discussion
In living cells, the F-actin cytoskeleton encompasses multiple structures that are essential for different aspects of cell physiology. F-actin networks are involved in cell migration, cell protrusion, adhesion (lamellae and stress fibers), morphological changes (cortical actin) and cell division [37] . The cytoskeleton showed a dynamic change after LPS treatment of PC12 cells for 8 h: F-actin reorganized, and thick bundles of actin filaments appeared ( Figure 1D ). However, pretreatment of PC12 cells with rolipram and various concentrations of FA for 12 h prevented the LPS-induced loss of fine F-actin stress fibers and appearance of thick bundles of actin filaments, a result indicative of normal and well-developed F-actin ( Figure 1E-1H) .
Furthermore, we observed that pretreatment with FA significantly decreased the LPS-induced release of the proinflammatory cytokines TNF-α and IL-1β into the culture medium of PC12 cells. Cytokines play important roles in the organization and regulation of inflammatory responses [38] . Neuroinflammation is an important pathoetiologic hallmark of AD [39, 40] . FA has been shown to ameliorate neuroinflammation and to decrease the expression of proinflammatory cytokines (TNF-α and IL-1β) in PSAPP mice [41] . Proinflammatory cytokines such as tumor necrosis factor (TNF)-α and interleukin (IL)-1β activate Toll-like receptor 4 (TLR4), thus culminating in the activation of nuclear factor (NF)-κB.
Studies have shown that ferulic acid inhibits the expression of the cytokines TNF-α and IL-1β by inhibiting their transcription [42] . Huang et al have investigated the inhibitory effect of FA on neuroinflammation in BV-2 microglial cells induced by LPS. They have shown that that FA significantly suppresses the production of nitric oxide (NO), prostaglandin E2 (PGE2), and IL-1β and decreases the induction of type II nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) protein expression in LPS-stimulated BV-2 microglia in a dose-dependent manner. They hypothesized that this effect is achieved by suppression of the protein expression of TLR4 [43] .
As shown in this study, compared with LPS alone, pretreated with FA or rolipram inhibited the production of PDE4B, but the inhibitory effect of FA in PC12 cells was considerably milder than that of rolipram. However, FA increased the production of CREB and pCREB in response to LPS stimulation at levels almost comparable to those induced by rolipram. These data suggested that the inhibitory effects of FA might be different from those of rolipram, such that FA more selectively affects certain steps in the LPS-induced production of inflammatory factors, in contrast to rolipram, which inhibits the activity of PDE4B by binding to it tightly. Evidence has shown that TNF-α and IL-β are potent cytokines that induce of PDE4B as well as cAMP [44] . In this study, we confirmed that LPS at 1 μg/mL is sufficient to induce an increase in mRNA expression of PDE4B in PC12 cells. The analyses of PDE4B mRNA expression over time indicated that PDE4B mRNA levels increased significantly at approximately 3 h after stimulation with LPS, whereas PDE4B mRNA appeared at levels similar to baseline within the first half hour and after 8 h of treatment with LPS in PC12 cells.
PDE4 is the major cAMP-hydrolyzing enzyme found in inflammatory and immune cells [45, 46] . The PDE4 family is composed of four isozymes, PDE4A to D [47] . These isozymes are widely expressed in many tissues, and high concentrations found in the brain [48, 49] . PDE4 isozymes are involved in different functions, depending on their patterns of distribution in the brain [50, 51] . The PDE4 subtypes are distributed in different inflammatory cells, and they appear to be important regulators of inflammatory processes; PDE4 is involved in many disorders such as depression, anxiety, and inflammation-related disorders [51, 52] . Selective inhibitors of PDE4 have been suggested for the treatment of a variety of CNS diseases, including Alzheimer's disease, depression, Parkinson's disease and Huntington's disease [53] [54] [55] . In our present investigation, we hypothesized that FA could inhibit LPS-induced PDE4B expression ( Figure 5A ), even though treatment with FA alone might have only a weak influence on the enzyme activity of PDE4B in PC12 cells ( Figure 3B ). An inhibitory effect of FA on PDE4B production was shown in this study, and the present results suggest that PDE4B production might be induced directly by LPS but also partly indirectly via the initial induction of TNF-α and IL-1β. It has been reported that IL-1β production is induced by LPS itself and that the second phase of the inflammatory response is due to the LPS-stimulated release of mediators such as TNF-α and IL-1β [44] . In PSAPP mice, FA ameliorates neuro-inflammation and decreases the expression of proinflammatory cytokines (TNF-α and IL-1β) [56] . Furthermore, we observed that pretreatment with FA significantly and dosedependently decreased the LPS-and Aβ 25-35 -induced release of the pro-inflammatory cytokines TNF-α and IL-1β into the culture medium of PC12 cells [33] . We further examined the effects of FA on the production of CREB and pCREB in addition to the expression of PDE4B in LPS-stimulated PC12 cells. The results demonstrated that the expression levels of CREB and pCREB were maintained by FA pretreatment in LPS-stimulated PC12 cells. The PDE4B/ cAMP/CREB pathway plays an important role in modulating various inflammatory reactions; thus, the inhibition of cytokine production is expected to exhibit an anti-inflammatory effect through the reduction of PDE4B expression, thereby increasing the cAMP level at inflammatory sites. Our studies showed that pretreatment with FA inhibited PDE4B production and increased the production of both CREB and pCREB in LPS-stimulated PC12 cells.
CREB was first described by Montminy and Bilezikjian in 1987 as a cellular transcription factor that binds the cAMPresponse element and leads to increased transcription of the somatostatin gene [57] . Evidence from studies in a wide range of species and using genetic and pharmacological manipulations of CREB has shown that CREB is essential for memory formation [58] [59] [60] [61] . cAMP stimulates the transcription factor CREB by activating cAMP-dependent protein kinase, which regulates the transcription of many genes, including brainderived neurotrophic factor (BDNF).
PDE4, which specifically hydrolyzes cAMP, regulates many crucial signaling cascades involved in learning and memory [62] [63] [64] . The ability of PDE4 inhibitors to enhance cognition appears to be attributed to the stimulation of the cAMP/CREB signaling pathway in the hippocampus. PDE4 inhibitors, such as rolipram, increase the cAMP concentration and the phosphorylation of CREB, which acts as a transcriptional activator only after it is phosphorylated by certain protein kinases. Increasing the CREB levels enhances some forms of long-term memory and improves spatial and associative memory in mice [65] [66] [67] [68] . In this study, the levels of CREB and pCREB in LPSstimulated PC12 cells were much lower than those in the FApretreated group. These data suggest that the contribution of FA to the PDE4B/cAMP/CREB pathway reduces the activity of PDE4B in this experimental system. Molecular docking results indicated the presence of hydrogen bonds, π-π conjugate electrostatic and hydrophobic interactions between FA and PDE4B2. Although further studies should be carried out to confirm these interactions, this result of molecular docking provides theoretical support for the potential effects of FA on PDE4B enzymatic activity and expression. These results indicated that FA may be used as a basic structure for designing PDE4B inhibitors.
The results of this study provide the first demonstration that one of the anti-inflammatory mechanisms of FA can be attributed to its ability to inhibit LPS-induced PDE4B activity and expression. PDE4B appears to be the major PDE4 enzyme subtype responsible for cAMP hydrolysis because much evidence has demonstrated that the inhibition or ablation of PDE4B produces a broad spectrum of anti-inflammatory effects while minimizing unwanted side effects [67, 69] . The development of PDE4 inhibitors with PDE4B selectivity has been considered to be a promising approach for treatment of neuro-inflammatory diseases such as AD, for which the PDE4B isozyme family may be a useful therapeutic target.
FA is an enhancer of cAMP, and cAMP enhancers have been found to suppress the production of TNF stimulated either in vitro or in vivo with LPS [70] . Various studies have documented that suppression of LPS-inducible TNF production by cAMP can occur via both NF-κB-dependent and -independent mechanisms [71] . To clarify the neuroprotective mechanism of FA, further studies are needed to explain the interaction between the LPS pathway and the cAMP pathway.
In summary, the present findings showed that FA effectively inhibits LPS-induced PDE4B expression, along with its effect of increasing CREB and pCREB, FA may be an attractive therapeutic agent for treatment of memory and cognition impairment associated with age-dependent or neurodegenerative diseases. However, the mechanisms of the anti-inflammatory and neuro-protective effects of FA are not completely understood and require further study.
